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Abstract

The momentum aperture of a storage ring is a very im-
portant parameter that strongly influences the performance,
especially the beam lifetime. For the specia case of syn-
chrotron light sources with small emittance like the Ad-
vanced Light Source (ALS), the momentum aperture de-
pends strongly on the transverse dynamics. It isvery sensi-
tive to machine conditions such as the tunes, chromatic-
ities, lattice symmetry, and spurious coupling, since de-
pending on those conditions the Touschek scattered parti-
cles explore different resonance regions in the phase space.
In light sources, the momentum aperture usually also de-
pends strongly on the vertical physical aperture. Applying
frequency analysis techniques in simulations and for turn-
by-turn orbit measurement data provides a very powerful
tool to measure and understand limitations of the dynamic
momentum aperture. The techniques presented are applica
ble to other light sources, as well as damping rings and
many types of colliders.

INTRODUCTION

Storage rings are used for a variety of science and tech-
nology applications - for example as synchrotron light
sources or as colliders for particle physics. In these stor-
agerings, bunched particle beams circulate for many hours.
The motion of a particle can be described in terms of trans-
verse (betatron) and longitudinal (synchrotron) motions
with respect to the reference particle. Some particles may
be lost due to various aperture limitations. The momen-
tum aperture is defined as the maximum momentum devia-
tion that a particle can have without becoming unstable and
being lost. The momentum aperture is determined by the
complex 6-dimensional dynamics of the particle. Because
of the complexity of the dynamics, in the past there have
been unexplained discrepancies between the predicted and
measured momentum aperture.

In many cases the momentum aperture is the dominat-
ing factor determining the beam lifetime. Long lifetimes
are desirable to users of synchrotron light sources since
they increase the integrated photon flux, reduce the num-
ber of refills necessary, and improve the stability by re-
ducing thermal effects. Even in cases where top-up (or
guasi-continous) injection is being used, long beam life-
times reduce radiation levels and enable a lower injection
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frequency, minimizing the impact of injection transients to
users. In those storage rings where the dominant lifetime
process is Touschek scattering, the lifetime has a stronger
than quadratic dependence on the momentum aperture. The
Touschek lifetime at the ALS[1] of 9 hours for exampleis
much shorter than the vacuum lifetime of 60 hours, so the
AL S would benefit greatly from a larger momentum aper-
ture. Therefore it wasimportant for the ALSto fully under-
stand what limits the momentum aperture. Such knowledge
can aso help to improve the performance of existing light
sources as well as to help predict and optimize the perfor-
mance of future storage rings.

Figure 1 illustrates how physical, dynamic and RF-
apertures affect the momentum aperture in a storage ring
for Touschek scattered particles. Because particles un-
dergoing scattering at a nonzero dispersion start horizon-
tal betatron oscillations, induced oscillation amplitudes are
shown as well (thin blue lines). In the straight section,
wherethereisno dispersion, the induced amplitudeis zero.
This means the particle will only change its energy but not
start a betatron oscillation. In the arc section with a fi-
nite dispersion the induced amplitude in the simplest case
shows a linear behavior. For the ALS the induced ampli-
tude is (nearly) constant in the arcs because H,. is (nearly)
constant in the arcs.
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Figure 1: Contributions of the different apertures to the to-
tal momentum aperture as a function of the relative mo-
mentum deviation §. The thin blue lines represent the in-
duced amplitudes, for an arc or a straight section of the
ring. Dashed-dotted red lines stand for the physical aper-
tures, and the vertical green lines show the RF-momentum
aperture. Thisfigure aswell asthefollowing onesis plotted
at the injection point (5, (so) = 12 m).

The thick lines represent the various apertures. The ver-
tical green lines show the RF-momentum aperture with
err = 3%, corresponding to the present available RF-
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voltage (for 1.5 GeV). The dashed-dotted red line shows
the physical apertures z,1ys. The solid red line is a sketch
of the dynamic aperture. Asdiscussed later, thesizeand the
shape of the dynamic aperture strongly depends upon the
machine conditions (i.e. tunes, chromaticities, coupling,
symmetry [2]).

The momentum aperture is defined as the smallest cross-
ing point of the induced amplitude and the smallest of the
apertures. Asthe induced amplitude varies around the ring
so does the momentum aperture.

PARTICLE LOSSMECHANISM

The particle dynamics|[3, 4] and momentum aperture [5]
have been extensively studied at the ALS. A schematic of
the process leading to particle loss after Touschek scatter-
ingisshowninFig. 2. Dueto Touschek scattering aparticle
receives a certain energy offset (here 3%). If the scattering
happens at a position of the ring with dispersion, this en-
ergy change will also induce a transverse oscillation (red
circle). Due to the tuneshift with energy (chromaticities)
and tuneshift with betatron amplitude, the betatron tunes
(i.e. the number of transverse oscillations in one revolu-
tion) of the particle change aswell (right part of thefigure).
Afterwards, the particle undergoes energy oscillations and
slowly damps back to the nominal orbit (green circle). Be-
cause of the chromaticities and the tuneshift with ampli-
tude, the tunes get modulated during this process and even-
tually the particle might encounter a resonance or an area
of high diffusion and might be lost.
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Figure 2: Left: Schematic of particle behavior after Tou-
schek scattering. Initial particle position after being scat-
tered (red dot) then oscillating in energy and amplitude
(red line) and damping back to the closed orbit (green dot).
Right: particle trajectory in tune space, resonances up to
fifth order are shown.

Tracking particle trgjectories using a realistic represen-
tation of the ALS lattice confirmed that the model of par-
ticle loss mentioned in the previous paragraph is correct.
Fig. 3 shows the trgjectory of a particle tracked for 10,000
turnsincluding the effects of synchrotron radiation. On the
top, one can see the transverse coordinates of the parti-
cle. On the bottom the betatron tunes are shown (calcu-
lated every 300 turns). At certain times (a)-(c) when the
tunes cross resonances, growth of the oscillation amplitude
is observed. On some of those occasions, the particle got
very closeto the physical aperture (+4 mm). Particles with
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dlightly different initial conditions can be lost.
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Figure 3: Tracking of particlewith synchrotron oscillations
and radiation damping. When the trgjectory crosses a re-
gion with high diffusion (see labels (a) to (¢)), the vertical
oscillation amplitude increases and at (c) the particle gets
very close to the physical aperture of 4 mm.

MEASUREMENTS

The main tools to understand the momentum aperture
are two classes of measurements. One uses a scan of the
rf-bucket height to quantitatively measure the momentum
aperture but without insight into details of the dynamics
determining it. The second one uses frequency analysis
techniques and allows a fairly accurate quantitative mea-
surement and provides a global picture of the underlying
dynamics. Both methods clearly show that the major limi-
tation to the momentum aperture for the ALS is the trans-
verse beam dynamics, causing Touschek scattered particles
to eventually reach large vertical amplitudes wherethey are
lost on the vacuum chamber.

RF-amplitude scan

An easy way to study whether the momentum accep-
tance of aring is solely determined by the voltage of the
RF-cavities or whether there are dynamic effects limiting
it, isto vary the RF-voltage (the bucket size and therefore
the energy acceptance of the RF is proportional to the volt-
age). Because of the energy distribution of Touschek scat-
tered particles one expects the lifetime to be a quadratic
(to cubic) function of the RF-voltage, as long as there are
no dynamic effects limiting the acceptance. The turnover
point, a which a deviation from the quadratic behaviour
occurs, providesinformation about the nonlinear dynamics
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effects limiting the dynamic acceptance. Fig. 4 showsthree
scans of the RF-voltage for different linear chromaticities
of the ALS.
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Figure 4: Measurement of the beam lifetime as a func-
tion of the RF-momentum aperture for three different sets
of chromaticities. One can see that the dynamic momen-
tum aperture has a severe impact on the overall momentum
aperture and therefore the Touschek lifetime.

Asone can clearly see, the dynamic momentum aperture
and therefore the maximum achievable lifetimeisvery sen-
sitive to the linear chromaticities. It is best for the nominal
chromaticities, the ALSis operated at in multibunch opera-
tion (blue symbols), and significantly worse (red symbols)
for a vertical chromaticity increased by 3 units. Unfor-
tunately, instabilities require to increase the vertical chro-
maticity intwo bunch operation, to provide enough Landau
damping to damp vertical single bunch instabilities. There-
fore it is of interest to understand the effect causing this
difference (which issurprisingly large, considering that the
strength of sextupoles and therefore the strength of nonlin-
earitiesin thelatticeisonly different by afew percent). The
green symbols indicate a case where based on the studies
described in the next paragraphs an improvement of about
25% was achieved for the high chromaticity case.

Frequency Analysis

To study and understand the effects limiting the dynamic
momentum acceptance, some methods of Frequency Map
Analysis [3] were adapted to study the evolution of off-
energy particle trgjectories. Frequency Map Analysisis a
very effective tool to visualize the global dynamicsfor sys-
tems of 3 degrees of freedom and more. Originaly it had
been used to study the dynamics of particles with nominal
energy.

For these studies two single-turn pinger magnets to-
gether with turn-by-turn beam position monitors (BPM)
were used. To collect one data set, the RF-frequency was
set to different values, corresponding to different circum-
ferences of the electron tragjectories and therefore different
beam energies. This does not directly simulate the case
of Touschek scattering, where the particle starts simultane-
ously with a transverse and a longitudinal kick. However,
the same area in tune space is probed (compare Fig. 5),
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and the experiment is easier to carry out as well as the fre-
guency analysis. We found experimentally that for the ALS
al relevant details in the off-energy dynamics are probed
in the case with fixed momentum offset. Newer measure-
ments el sewhere have attempted to simulate the Touschek
scattering process more closely [6]. For each setting of
the RF-frequency the beam was then kicked with increas-
ing horizontal amplitude (and a small vertica amplitude)
and the beam oscillations and the fraction of beam loss
recorded, until the beam was completely lost.
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Figure 5. Schematic of the measurement techniqueto study
the off-momentum dynamics. The particle (red dot) damps
down to the closed orbit (green line) without synchrotron
oscillations. Left: configuration space with induced ampli-
tude after a Touschek scattering (black lines). Right: tune
space.

Analysis of the measurement data using Frequency Map
Analysis alows us to understand the details of the beam
loss - identifying those resonances that limit the momen-
tum aperture. One example using the nominal ALS lattice
is shown in Fig. 6. The upper plot shows relative beam-
lossin the configuration space formed by energy offset and
horizontal oscillation amplitude. One can clearly see the
complicated structure of the boundary of the stable area.
The lower plot shows the same data in frequency space.
By recording the tunes of the particles after they have been
kicked, one can clearly identify which resonance areas are
causing the beam loss. By using this information, one can
now understand (compare areas A-D in the plots) what
caused particular loss regions. The knowledge gained as
aresult of these measurements allows us to adjust the ma-
chine parameters to improve the lifetime. In addition to
the fundamental frequencies of the motion used for the fre-
guency map analysis, the beam spectra also contain other
resonance lines which can be analyzed in terms of reso-
nance driving terms[7, 8].

The data sets for the high vertical chromaticity case is
shown in Fig. 7. One can see that the area covered in tune
spaceisvery different and therefore different resonance re-
gions determine the momentum aperture. The main differ-
ences to the case with nomina chromaticies are the loss
areas A and C, which are caused by the vertical integer res-
onance and the coupling resonance, respectively. The dif-
ference in momentum aperture between the two casesis not
caused by big difference in resonance strength but rather
the different tune footprints. Moreover the measurement
data provided the model independent guidance on how to
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Figure 6: Measurement data showing the relative beam |oss
in configuration space (upper plot) and in tune space (lower
plot) for the low chromaticity case. The dot thickness cor-
responds to the amount of normalized beam loss. The solid
green line marks the tune shift with energy for particles
with very small oscillation amplitudes.

improve the momentum aperture by raising the horizontal
chromaticity. Thishigher horizontal chromaticity shiftsthe
crossover point with the coupling resonance to higher mo-
mentum deviation and therfore the loss area C, resulting in
a bigger momentum aperture.

SIMULATIONS

Simulations based on the calibrated model of the ALS
are in very good agreement with the measurements (see
Fig. 8). The color code in the graphs indicates the diffu-
sion rate (as defined by the change in transverse oscillation
frequency with time) on a logarithmic scale. Blue areas
indicate low diffusion, red areas high diffusion (10 billion
times higher than dark blue) and areas without color indi-
cate unstable regions (where particles are lost within 1000
turns). The simulations reveal the same high diffusion/loss
areas as the measurements and allow a precise computation
of expected momentum apertures for different lattices and
machine upgrades in advance. They also reproduce all de-
tails of the difference in momentum aperture between the
cases with three different chromaticities very well.
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Figure 7. Measurement data for the case with higher ver-
tical chromaticity. Significantly different areas of the tune
space are sampled compared to the low chromaticity case.
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Figure 8: Simulation of a frequency map with the energy
offset and the horizontal oscillation amplitudes as the vari-
ables spanning the configuration space. The color codein-
dicates the diffusion rate on alogarithmic scale.

IMPACT OF VERTICAL PHYSICAL
APERTURE

One important aspect of the dynamic momentum aper-
turein light sourcesisits strong dependence on the vertical
physical aperture. Infact, in most light sourcesthe majority
of all particle losses occurrsin the vertical plane. The main
reason for thisis that the aspect ratio of the physical aper-
tures is usualy very flat, since this allows to optimize the
performance of undulators and wigglers. Therefore verti-
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cal physical apertures are very important to understand the
horizontal dynamic aperture and dynamic momentum aper-
ture. Thisis abig change from the classical definition of
the dynamic aperture, which used to be independent of any
physical apertures.

Studying the interplay of vertical physical apertures and
momentum aperture, we found that coupling played a big
role in how sensitive the momentum aperture was to the
physical aperture. One should emphasize that this effect
is not directly related to the beamsize, since the vertical
physical aperture in those cases still is about 40-50 times
the vertical beamsize. It is rather caused by the fact that all
coupling resonances (low order and higher order) scale in
strength with the overall coupling.

For the ALS, the sensitivity of the momentum aperture
to the vertical physical aperture was reduced for a case
with small coupling but vertical emittance increased using
avertical dispersion wave, compared to the case with large
coupling (compare Fig. 9). Combined with other improve-
mentsin thelattice and abetter correction of |attice symme-
try errors this enabled the ALS to reduce the physical gap
of insertion devices from 8-9 mm down to about 5 mm.
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Figure 9: Measured lifetime of the ALS versus half aper-
ture in one straight for three different cases: excited cou-
pling resonance (red), corrected coupling and vertical dis-
persion (green), vertical dispersion wave (blue). The two
cases with excited coupling resonance and dispersion wave
were measured for identical vertical emittance.

Simulating the effects in tracking, we found good agree-
ment between measurements and simulations (see Fig. 10):
a correction of the coupling reduces the sensistivity of the
dynamic momentum aperture to the vertical physical aper-
ture [9]. The injection efficiency showed similar improve-
ments when the coupling was corrected for small vertical
gaps.

SUMMARY

M easurements have demonstrated that the dynamic mo-
mentum aperture in the ALS is the dominant effect deter-
mining the Touschek lifetime. Employing the method of
frequency analysis provides a very powerful model inde-
pendent diagnostic tool to visualize the global dynamics
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Figure 10: Maximum vertical amplitude reached when
tracking particlesfor 1024 turns. Left: Case with high cou-
pling. Right: Case with low coupling and dispersion wave.
The vertical emittance isidentical in both cases.

of the system, understand limitations and suggest improve-
ment strategies. A significant improvement of the life-
time in two bunch operation was realized. For newer light
sources with very elaborate sextupole configurations, this
method will help to systematically optimize the momen-
tum acceptance.

The agreement between measured data and simulation
resultsis good, providing both confidence in the model and
the possibility to accurately predict the performance of up-
grades or the performance of new machines.

Detailed studies were carried out with respect to the in-
fluence of the vertical physical aperture on the momentum
aperture. It was found that good correction of the coupling
is essential to allow small gaps and that using global dis-
persion waves can provide control of the vertical emittance
without the detrimental effects of coupling.
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